The resistance of copper grain boundaries (GBs) is calculated systematically through a full atomistic quantum approach. A set of twin GBs, including the coherent twin GB, is generated by density functional theory (DFT) total energy relaxation starting from the coincidence site lattice (CSL) model. The atomic structure of the GBs is used to construct two-probe transport junctions for quantum-transport analysis by carrying out DFT within the Green's function formalism. The specific resistivity calculated for the coherent twin GB is found to be quantitatively consistent with the available experimental and theoretical data. The specific resistivity and reflection coefficient of other more complex GBs are predicted. The interfacial energy density and specific resistivity are both found to inversely relate with the planar density of coincidence sites. Comparison of our calculated specific resistivities and reflection coefficients with the corresponding GB-averaged experimental quantities shines light on the microstructure of the samples.
I. INTRODUCTION
A major challenge to the continuous downscaling of integrated circuits is the size effect of copper interconnects. As the interconnect linewidth approaches and becomes smaller than the electron mean free path of 39 nm in copper, the resistivity increases significantly [1] [2] [3] , resulting in larger energy heat dissipation and interconnect delay. The size effect is one of the reasons that may prevent copper interconnects in modern integrated circuits to down scale to anticipated widths < 10 nm in the next decade [4] . Since copper lines will continue to dominate the interconnect technology in the foreseeable future, it is of critical importance to understand both qualitatively and quantitatively the sources of scattering in this material.
It is generally accepted [1] [2] [3] that there are two major contributions to the increase of resistivity in the size-effect regime: electron scattering at external surfaces or interfaces of the copper lines and at internal grain boundaries (GBs). Surface scattering in metal was investigated for a long time, dating back to Fuchs in 1938 [5] and Sondheimer in 1952 [6] , whose theories are summarized in the well-known Fuchs-Sondheimer (FS) formula of the resistivity ρ for a metal film: 
where κ is defined as
and ρ 0 is the bulk resistivity of the material, λ is the electron mean free path, d is the film thickness, and p is the surface specularity, which varies from zero for fully diffuse scattering to unity for fully elastic scattering. In the limiting case κ ≫ 1, Eq. (1) simplifies to
In 1970, Mayadas and Schatzkes (MS) [7] proposed a model for the resistivity ρ of a polycrystalline film:
where α is defined as
and ρ 0 is once again the bulk resistivity, λ the electron mean free path, g the average grain size, and r the GB reflection coefficient, which varies from 0 for total transmission to 1 for total reflection. In the limiting case α ≪ 1, Eq. (4) simplifies to
These two models have since been refined [8] [9] [10] . Nevertheless, it is already clear from Eqs. (3) and (6) that the size-effect regime is reached when the characteristic dimension, that is, d and g in the thin film and the polycrystalline film, respectively, become comparable to or smaller than the electron mean free path λ, resulting in a dramatic increase of the resistivity. The physics of microscopic electron scattering is encoded by two empirical parameters p and r in the FS and MS models. According to these, one way to mitigate the resistivity arising from the size effect is to engineer materials with high p and low r. Much of the recent research for copper interconnects has focused on the quantitative determination of the p and r parameters [9] [10] [11] [12] [13] . In terms of modeling, first-principles atomistic calculations of p were reported [14] to characterize the surface scattering in copper thin films via Eq. (1). However, the determination of r in polycrystalline materials through such means is much more complex.
In fact, it is now clear that GB properties strongly relate the GB structure. It was shown that the structure differences can lead to different interface energies [15] . Of all existing GBs, the unique characteristics of the coherent twin GB was pointed out early on [16] . Finally, GB properties such as interfacial energy [17] , and most relevant to this work, electrical resistivity [18] , were found to systematically depend on the atomic structure. It was concluded that no clear geometric criterion can reliably determine the interfacial energy [17] . Thus, structure-dependent GB properties are the origin of the heterogeneity of GB phenomena and exert a decisive control on the bulk performance of polycrystalline materials. The idea of controlling the GB microstructure of a polycrystalline material by particular processing methods and conditions naturally leads to the advent of grain-boundary engineering (GBE) [19] [20] [21] [22] . The development of GBE is made possible by the introduction of scanning-electron-microscopy-based electron backscatter diffraction with orientation imaging microscopy, a computer-assisted and fully automated technique for complete GB characterization [23] . It is successfully used to precisely investigate the GB microstructure of polycrystalline samples for a wide range of scales and materials [3, 10, 13, [24] [25] [26] .
Based on those considerations, it is surprising to note that, so far, the single-GB-scattering contribution to copperinterconnect resistivity has received very limited attention. This situation started to change as multiprobe scanning tunneling microscopy was successfully used to measure the resistivity of segments of copper wires containing only a single GB [26] . These measurements are very significant since they provide microscopic information of electron scattering by certain types of single GBs. On the theoretical side, several works reported first-principles calculations of the GB resistance. In one study, the layer Korringa-KohnRostoker (KKR) method is combined with a semiclassical transport model [26] , achieving reasonable agreement with the experimental data for the coherent twin GB [27] and predicting the specific resistivity of a few other relaxed and unrelaxed GBs. The layer KKR approach is also used to compute the Landauer conductance of a nonrelaxed coherent twin GB [28] . A tight-binding linear muffin-tin orbital (TB LMTO) surface Green's function method is used with wave-function matching (WFM) to obtain the specific resistivity of the coherent twin boundary and another twin GB [29] . Finally, the reflection coefficient of two relaxed twin GBs is calculated using an implementation of the nonequilibrium Green's function (NEGF) and the Landauer formalism [30] . These first-principles investigations provide useful results about the resistance of several single GBs. Nevertheless, so far a general trend of the transport properties of GBs is still lacking. Clearly, due to the ultraimportance of copper-interconnect technology to modern integrated circuits, further theoretical investigations of GB scattering is warranted.
It is the purpose of this work to report an atomistic firstprinciples analysis of electron scattering by single GBs in copper. We aim to provide some possible trend that correlates the GB resistivity with other structural and energetic properties of the GB. To this end, we develop a theoretical procedure that allows us to systematically determine the atomic structure of the GBs and subsequently predict the specific resistivity of the GB quantitatively without relying on any phenomenological parameter. Our transport is based on carrying out DFT within the NEGF formalism so that the resistance of the GB is determined from a full quantum model. Both the coherent twin GB and other twin GBs are investigated, and the results are compared quantitatively to the available experimental and theoretical data.
The rest of the paper is organized as follows. In Sec. II, we present the atomic structures of the GBs. Section III builds two-probe transport junctions that contain a single GB, and the transport is calculated based on NEGF DFT. Section IV is a short summary of this work.
II. GB STRUCTURE: THE COINCIDENCE SITE LATTICE
In order to determine the resistivity of single GBs and correlate it with the structure and energetics, we first present the structural analysis that gives the atomic positions for the subsequent transport calculations.
A. CSL theory and GB population
It is well known that the superposition of two periodic lattices "interferes" to produce a so-called moiré pattern. In certain cases, the two crystals share a number of lattice sites, forming a distinct periodic pattern called the coincidence site lattice (CSL). The importance of the concept of the CSL was pointed out early on [31] and has since been widely used to classify GBs. A CSL boundary is characterized by five macroscopic geometric degrees of freedom. Three of these parameters correspond to the misorientation given by an axisâ ¼ ½uvw and an angle θ. These translate into a particular Σ value, where Σ is defined as the inverse of the coincidence site density. The remaining two parameters correspond to the orientationn of one of the crystals at the interface and are given in the form of a set of Miller indices ðhklÞ. Particular CSL boundaries whereâ⊥n, are called (pure) tilt, those whereâ∥n (pure) twist. Often, a given CSL boundary will have multiple representations, either as tilt or as twist GBs. The remaining GBs that do not fit within one of these two categories belong to the group of mixed GBs, which possess both tilt and twist components. When the boundary plane is a plane of mirror symmetry for the two grains, the GB is said to be symmetrical and is called a twin GB. The latter can be seen either as a symmetrical tilt GB where ðhklÞ is identical on each side of the GB, or as a twist GB with a misorientation angle θ ¼ 180 ∘ [32] . Additionally, the relation
holds true for twin GBs in cubic materials, where
is even [33] . CSL boundaries exist for all odd values of Σ, high-Σ boundaries display long-ranged periodicity, while low-Σ boundaries correspond to short-ranged periodicity.
The simplest CSL boundary is the coherent twin GB, a Σ3 twist GB with 60°misorientation about the [111] axis. Tilt and twist boundaries in cubic materials for the first few values of Σ are cataloged elsewhere [34] . A GB can still be considered a CSL boundary if the deviation from the exact coincidence satisfies the Brandon criterion [35, 36] . In a Damascene copper interconnect, which is the interconnect technology currently used in modern electronics, the grain-boundary character distribution (GBCD) is reported to be made of a fluctuating fraction of Σ3 GBs, with relatively smaller amounts of Σ9 and Σ27 GBs. For example, in interconnects with 2-μm linewidth, a fraction of more than 60% of Σ3 is observed, along with 8% and 3% of Σ9 and Σ27, respectively. However, in interconnects with a smaller linewidth of 0.18 μm, the fraction of Σ3 undergoes a strong decrease to less than 20%, while Σ9 and Σ27 drop to 4% and 1%, respectively. Clearly, the GBCD is extremely sensitive to external parameters such as the linewidth. Similarly, processing conditions such as current density during electroplating and annealing temperature and stress can have a dramatic effect on the GBCD [37] . The study of commercially available pure copper shows a similar GBCD with a large fraction of Σ3 GBs, the other GBs being distributed between low-angle Σ1 GBs, other CSL boundaries, and random boundaries [38, 39] . The importance of processing is once again outlined with a notable effect on the Σ3 GB population and asymmetrical GBs [40, 41] .
We limit our study to a subset of low-Σ twin GBs, including the remarkable coherent twin GB, as those tend to have the smallest periodic unit cells. High-Σ CSL boundaries remain beyond the scope of first-principles theoretical investigation due to their size and complexity. Details about the selected GBs can be found in Table I . From here, we will refer to the CSL boundaries by their Σ value; however, the importance of the boundary plane should not be overlooked [20, 42, 43] .
B. Copper bulk and CSL structures
We calculate the lattice constant of bulk copper using DFT as implemented in the VASP package by fitting the ground-state total energy E 0 to the Birch-Murnaghan equation of state [44] around the equilibrium lattice constant a 0 , as seen in Fig. 1 . The total energy is calculated by the projector augmented wave method used in combination with the Perdew-Burke-Ernzerhof version of the generalized gradient approximation (GGA PBE) exchangecorrelation functional. The plane-wave energy cutoff is taken to be 295 eV, and the Brillouin zone is sampled with a 9 × 9 × 9 k-point mesh. The calculated value a 0 ¼ 3.64 Å gives the minimum total energy and is taken as the equilibrium lattice constant to be used for the remainder of this work. This value is in reasonable agreement with the experimental value of 3.615 Å [45] . The twin GB structures are then generated for a copper fcc lattice by the GBSTUDIO package [46] . The Σ3 CSL boundary is shown as an example in Fig. 2 . The obtained structures correspond to ideal GBs, and additional treatment must be performed to obtain physically relevant GBs. Indeed, a quick look at the interatomic distances of the above-obtained CSL boundary reveals that close to the boundary plane, certain atoms sit much closer to each other than the average copper-copper distance d 0 ¼ a 0 = ffiffi ffi 2 p ¼ 2.57 Å. As seen in Table I , it can be observed that as Σ increases, the minimum interatomic distance d min found in a CSL boundary gets smaller and smaller, until a point of unphysical nature of the structure. This is found to be the case for the Σ13a and Σ17a CSL boundaries. To work around this problem, we merge the TABLE I. CSL boundary configuration (columns 2-5) and relaxation details (columns 6 and 7). Σ is the reciprocal density of coincidence sites,â and θ are the misorientation axis and angle, respectively,n is the normal to the boundary plane, N the number of atoms per unit cell, d min the minimum interatomic distance, NP the number of merged pairs of closest-neighbor atoms, and NL the number of relaxed atomic layers. pairs of closest-neighbor atoms into a single atom whose coordinates are taken to be the center of the removed pair, as done in the GB literature [47, 48] . An example of this procedure is given for the Σ13a GB in Fig. 3 . This procedure gives an initial atomic structure of the GBs which is further relaxed by a DFT total energy method.
C. GB relaxation
With the initial atomic structure determined in the previous section, an incremental relaxation is carried out by DFT. The periodic unit cell of a CSL boundary contains exactly two equivalent GBs; therefore, only one of them is relaxed to avoid interaction with the other GB and to reduce the computational effort. The GB in the middle of the cell is chosen for the relaxation so that the edges of the cell will match the semi-infinite electrodes in the following twoprobe transport-junction calculation. During the relaxation, the atoms in NL layer(s) around the boundary plane are allowed to relax their positions while the remaining atoms of the cell are kept fixed. We start with the boundary plane itself as the first relaxed layer, NL ¼ 1. The two immediate neighboring layers are then added to the process, which is our next iteration NL ¼ 3, and so forth until NL ¼ 9. Trivially, the case NL ¼ 0 corresponds to the unrelaxed CSL boundary. This procedure is illustrated in Fig. 4 . The relaxation is performed by the VASP package using similar settings and the same Brillouin-zone sampling density as presented in the previous section.
During the relaxation of the CSL atomic structures, the total energy at each iteration of the incremental relaxation process and the force amplitude per atomic site across the GB is displayed in Fig. 5 for the Σ3, Σ5, and Σ9 CSL boundaries. The trend found in the latter two is also seen in the Σ11 and Σ13a and Σ17a (not shown here). Clearly, relaxation reduces the interface energy and internal stress significantly from the almost identical cases NL ¼ 0 and 1 to NL ¼ 3, and this for all but the Σ3 CSL boundary. At NL ¼ 3 and above, a plateau is reached for those same boundaries in terms of total energy. A similar picture is observed when looking at the atomic forces at the grain interface that lies in the center of the unit cell. While the atomic forces are almost identical in all GBs for the cases NL ¼ 0 and NL ¼ 1, the case NL ¼ 3 is found to decrease them substantially with the exception of the Σ3 CSL boundary where the decrease is relatively less pronounced. At NL ¼ 5 and beyond (not shown here), the residual forces decrease much more slowly while moving away from the boundary plane. In light of these results, we use the NL ¼ 3 relaxed CSL boundaries for the transport calculation below, with the exception of the Σ3 CSL boundary, for which we use the unrelaxed structure. The number of the relaxed layer NL is kept minimal to have the largest possible clean buffer zone between the electrodes and the GB in the central region of the following twoprobe transport-junction calculation. This also allows us to maintain an ideal, close-packed atomic-sphere approximation throughout most of the unit cell for the linear muffintin orbital basis used in the transport analysis.
D. Bond-orientational order
The disorder induced by the presence of a GB with respect to the bulk configuration is a quantity that is absent from the CSL theory which addresses only grain orientation and coincidence. To quantify this disorder and further characterize the different GBs, several possibilities exist: one can, for example, look at the coordination (number of neighbors) or at the distance between atoms at the grain interface. We present here instead a bond-orientational order analysis, which is well suited to the case of GBs.
The complex-valued bond-orientational order parameters introduced by Steinhardt et al. 
which measures the bond-orientational order around an atomic site. Only even values of l are considered, as Q l otherwise vanishes for the considered symmetry. The first nonzero Q l other than Q 0 occurs at l ¼ 4 for cubic symmetry and l ¼ 6 for icosahedral symmetry. The value l ¼ 6 is, thus, generally preferred for the analysis of bondorientational order [49, 50] . However, it is the coherence of the bond-orientational order that interests us. We, therefore, construct at every atomic site the normalized (2l þ 1)-dimensional complex vectorq l ðiÞ with components 
Finally, the dot products are averaged on each atomic site as done by von Alfthan et al. [52] to obtain a real-valued coherent bond-orientational order parameter:
S l ðiÞ measures the correlation between the angular distribution of the bonds established by atom i and that of the bonds established by the neighbors of atom i. S l ðiÞ is bounded between zero for a completely disordered structure and one in the case of a perfect crystal. S 6 ðiÞ is computed for the different GBs studied in this work and are displayed on a color scale in Fig. 6 . It can be noted that disorder in a material with an atomic coordination of 12, such as copper, has a smaller impact on S 6 ðiÞ than in a tetravalent material as silicon [52] . We can observe that disorder extends only one or two atomic planes away from the boundary plane. A first conclusion is that the studied twin GBs are almost planar defects. In addition, the bond-orientational order is found to generally decrease with increasing reciprocal density of coincidence sites Σ, with the exception of the Σ5 GB, which displays an abnormally low amount of order for its high degree of symmetry. This information is absent from the CSL framework. With stronger disorder, one should expect a larger resistivity, i.e., for higher values of Σ. This will be verified in the next section with the direct calculation of GB resistivity.
III. QUANTUM TRANSPORT AND GB RESISTIVITY

A. Method
Having determined the atomic structure of the GBs, we calculate their resistance using the NEGF DFT approach as implemented in the NANODSIM quantum-transport package [53, 54] . Briefly, in the NEGF DFT formalism [55] [56] [57] , the electron density matrix ρ is computed as
where the lesser Green's function G < satisfies the Keldysh equation:
The retarded Green's function G R ¼ ðG A Þ † relates to the system's Hamiltonian, and the lesser self-energy Σ < represents the injection of charge from the electrodes to the central region in the two-probe transport junction. In NANODSIM, the Hamiltonian of the device is calculated by DFT using the LMTO. After the self-consistent NEGF DFT calculation is converged by iteration, we evaluate the transport properties from the resulting Green's functions. The transmission coefficient TðEÞ is evaluated as where E is the electron energy, and Γ l , Γ r are the linewidth functions which represent coupling between the central region of the device with the left and right electrodes, respectively. Finally, the equilibrium conductance G of a single spin channel is obtained at the Fermi level E F by the Landauer formula [58] ,
where e is the electron charge and h the Planck's constant. The resistance is obtained as R ¼ 1=G.
We construct two-probe transport junctions of copper that contain a single GB. Essentially, the atomic structures of the GBs obtained in the last section by total energy relaxation, i.e., Fig. 6 , form the central scattering region of the transport junction. Then, this central region is extended in both the top and bottom sides to z ¼ AE∞ by connecting to perfect copper bulk cells, namely, by extending the copper atoms far from the boundary plane in Fig. 6 (the atoms in red) to form the electrodes of the two-probe transport junction. Transport through a GB is simulated by the k-sampling technique in the transverse direction (x-y direction) with the same sampling density as in our previous plane-wave calculations. Finally, a technical detail of the LMTO calculation is the atomic-sphere approximation (ASA) [59] . The crystal structure of copper is close packed, thus, distributing atomic spheres centered on each atomic site constitutes a satisfying ASA, and no additional empty sphere is required to fill the interstitial region, even at the interface between the two grains.
It is important to note that the experimental measurements [26, 27] provide the resistance contribution of a single GB. In contrast, our two-probe calculation has a significant geometrical Sharvin resistance [60] that should be subtracted out in order to isolate the GB contribution [29] . Therefore, in our calculations, we first determine R S in perfect bulk-copper transport junctions (without GB) having identical dimensions as the transport junctions with GB. Subsequently, the resistance R GB arising from GB scattering is unambiguously determined from the resistance R of transport junctions with GB as R GB ¼ R − R S . In the case of a perfect bulk-copper transport junction corresponding to the ballistic transport regime, the reflection coefficient r of the GBs can be simply derived as r ¼ 1 − R S =R. To allow comparison between the different GBs as well as with experimental data, the calculated resistance R GB of the GBs is casted in terms of specific resistivity γ R ¼ R GB A where A is the cross section area of the scattering region (i.e., the cross section area of the cells in Fig. 6 ). The calculated γ R and r are listed in Table II , the former being put into perspective with available data whenever possible.
B. Discussion
The calculated specific resistivity γ R of the coherent twin GB Σ3, 0.158 × 10 −12 Ω cm 2 compares quite well with the experimental result [27] 0.17 × 10 −12 Ω cm 2 . We also list three previously calculated results on the coherent twin GB. In the first calculation [26] , a layer KKR is combined with the semiclassical Boltzmann transport equation (BTE) to calculate γ R of a Σ3 GB, as well as a Σ5 and two other unrelaxed GBs. The obtained value of 0.202 × 10 −12 Ω cm 2 is somewhat larger than our result. In the second calculation [28] , the layer KKR method is used this time to compute the Landauer conductance of a nonrelaxed coherent twin GB, which produces γ R ¼ 0.148 × 10 −12 Ω cm 2 . Finally, a TB LMTO method with WFM is employed to calculate γ R ¼ 0.155 × 10 −12 Ω cm 2 [29] , in excellent agreement with our result. We also compute γ R for several other GBs. The value obtained for Σ5, 1.49 × 10 −12 Ω cm 2 , is of the same order as that obtained by the layer KKR þ BTE approach [26] , Σ5, 1.885 × 10 −12 Ω cm 2 . To the best of our knowledge, the other calculated GBs, namely, Σ9, Σ11, Σ13a, and Σ17a were not reported before. While experimental measurement for these more complicated GBs is lacking, a range is defined by the low γ R of the coherent twin GB and the recently reported [26] γ R of some random GBs 19.0-25.9 × 10 −12 Ω cm 2 . We find that the calculated γ R of the Σ9, Σ11, Σ13a, and Σ17a GBs falls in the middle of that range, that is, up to one order of magnitude larger than the coherent twin GB γ R while also one order below the γ R of random GBs. This appears justified based on structural considerations.
Finally, the reflection coefficient r of Σ5 and Σ13a twin GBs calculated in another study [30] using a different implementation of NEGF DFT and Landauer formalism is included in Table II . For Σ5, the reported value 0.17 is in relatively good agreement with our own result r ¼ 0.145. However, for Σ13a, a smaller value of 0.13 is reported, [26] differing by roughly 40% from our result r ¼ 0.217. This could possibly be the consequence of the particular treatment that was followed to relax the fΣ13a; Σ17ag GBs in our work.
With the limited number of twin GBs investigated in the literature, so far no clear trend has been extracted from the transport properties of those particular GBs. In the rest of the discussion, we attempt to correlate our calculated γ R to other physical quantities of the GBs. The bondorientational order reveals that disorder at the GB generally increases with Σ; thus, we expect γ R to increase with Σ. Table II reveals this to be not completely true, the Σ11 GB being, for instance, an "exception." In fact, noting that the twin GBs are essentially planar defects, it is more appropriate to switch perspective from the reciprocal density of coincidence sites Σ, which is a volumetric measure, to an areal measure of the repeating unit [32, 33] . To verify this, the area per coincidence site in the boundary plane σ is calculated for the different GBs. Furthermore, the excess interfacial energy density γ E is computed by DFT using the VASP package [61] . σ and γ E are displayed in Fig. 7 and contrast with our calculated γ R , previously listed in Table II . We find that both GB properties γ E and γ R appear to relate surprisingly well with σ. While γ R generally increases with Σ, Σ alone is not adequate to explain the observed trend if one expects a steady increase of γ R with Σ, as is generally the case with bond-orientational disorder. For example, the low γ R of the Σ11 GB seems a priori counterintuitive. However, we show here that γ R is better explained in terms of σ, which is inversely proportional to the density of coincidence sites in the boundary plane. A higher planar density of atoms, therefore, encourages lower interfacial energy density and specific resistivity, supporting our observation for the Σ11 GB. This planar density of atoms corresponds to the density of sites shared by the lattice of both grains in the boundary plane. It can be interpreted that the more sites are shared, the better the quality of the contact between the two grains.
The average GB specific resistivity as reported in separate experiments [16, 62, 63] ranges from 2.0 × 10 −12 Ω cm 2 to 3.6 × 10 −12 Ω cm 2 . The calculated γ R allows us to interpret those resistivity measurements and provides information about the microstructure of the copper samples. Indeed, the lower boundary of the experimental range 2.0 × 10 −12 Ω cm 2 corresponds with the highest specific resistivities calculated here, namely, those of the Σ13a and Σ17a. A similar picture is obtained when considering the average GB reflection coefficient. The experimental value ranges between 0.25 and 0.3 for the different film thicknesses considered [1, 2, 10, 12, 62] , while the individual r values computed here have an upper bound of 0.21. Provided that the reported measurements are completely decoupled from other sources of scattering such as dislocations, impurities, or point defects, a contribution from higher-Σ GBs and/or random GBs is clearly involved. A decrease of the average GB specific resistivity should, in theory, be obtainable by increasing the fraction of low-Σ twin GBs, particularly coherent twin GBs.
IV. SUMMARY
In this work, we report a first-principles procedure to quantitatively determine the resistivity of single GBs in copper. Using the lattice constant of copper, which we calculate by DFT, the CSL boundaries are generated. When necessary, the CSL boundaries are simplified by merging closest-neighbor atoms that are unphysically close to each other. The resulting CSL boundaries are then relaxed by DFT total energy minimization to generate the GB structures for subsequent quantum-transport analysis. We find that the incremental relaxation process allows us to determine the simplest and most physically relevant configuration for each of the GBs, which are further characterized by evaluating the coherent bond-orientational order parameter. From the obtained GB structures, two-probe transport junctions are constructed for quantum-transport analysis.
Using parameter-free NEGF DFT calculations, we determine the specific resistivity and reflection coefficient of several copper twin GBs in a systematic fashion. The specific resistivity of the coherent twin GB is found to agree very well with experimental data. We also predict the specific resistivity of several other more complicated GBs, found to be in the range between the coherent twin GB and random GBs. The bond-orientational order analysis reveals an overall increase in disorder with higher reciprocal density of coincidence sites but is insufficient to predict the trend followed by the specific resistivity. This trend is better described by an areal measure of the repeating unitthe area per coincidence site. In that sense, the interfacial energy density and specific resistivity are found to both inversely relate with the planar density of coincidence sites.
Comparison of the calculated specific resistivities and reflection coefficients with the corresponding GB-averaged quantities allow us to interpret, to a certain extent, the microstructure of the copper samples used in those measurements. Clearly, increasing the fraction of low-Σ twin GBs, particularly coherent twin GBs, should contribute to reducing the resistivity of copper interconnects. Investigations along this direction will hopefully shed much needed light. 
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